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ABSTRACT

SYNTHESIS AND STUDY OF STIMULI-RESPONSIVE FLUORESCENT
POLYMERIC THIN FILMS FOR EARLY CORROSION DETECTION BY
DIRECTLY MONITORING IRON DISSOLUTION FROM STEEL SUBSTRATES
by Kevin William Harman
December 2013
The successful measurement and prediction of material lifetimes is of high
importance for proper maintenance on metal infrastructures for prevention of
asset loss through corrosive processes. Current testing protocols include
mismatched accelerated weathering techniques in combination with visual
corrosion detection that consume substantial amounts of time and resources and
often lead to inaccurate extrapolation to natural conditions. For corrosion
science and engineering to evolve further, accurate and early detection methods
of efficiently evaluating materials are necessary. Fluorescence spectroscopy is
one established non-destructive analytical technique that is highly sensitive and
selective to a variety of metal ion species and chemical environments (pH,
polarity etc.). Our lab has adopted the use of fluorescence for evaluation and
screening of coated substrates for early detection of corrosion in advance of
serious metal visual and/or physical damage. The use of various
environmentally sensitive fluorescent molecules doped in thermoplastic
polyepoxides for detecting water, chloride ions, metal ions (Fe 3+, Fe2+, Al 3+), and
pH have and can be further used to quantify corrosion events and develop an
understanding of ion migration and pre-corrosion events and kinetics.
ii

Fluorescence emissions monitored versus time potentially yields rate and/or
kinetic data and quantifiable correlations between fluorescence response and
undercoating pre-macroscopic corrosion. Our results can be utilized for earlier
corrosion detection and testing protocols in combination with real time corrosion
indicators. Several Fe2+ and Fe 3+ specific fluorophores were evaluated for their
efficacy as possible in situ corrosion indicators on ferrous substrates.
Differentiation of Fe2+ and Fe 3+ will allow for improved understanding of corrosion
mechanisms.

iii
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CHAPTER I
INTRODUCTION
The Impact of Corrosion
Corrosion is a thermodynamically favorable process that causes the
deterioration of most metals. 1 Despite the constant efforts of corrosion engineers
for many years, corrosion still diminishes structural and aesthetic assets and
continues to be a dramatic burden on the economy. In 2002, a comprehensive
study released by the U.S. Federal Highway Administration in conjunction with
the National Association of Corrosion Engineers (NACE) estimated the annual
cost of corrosion for the United States in 1998 to be $276 billion, representing
3.1% of the Gross Domestic Product. 2 The cost was broken down into five major
sectors: infrastructure, utilities, transportation and manufacturing, and
government (Figure 1). 2
Infrastructure
16.4%
C$22.6 billion)

Utilities
34.7%
($47 .9 billion)
Government
14.6%
($20.1 billion)

Production and
Manufacturing
12.8%
($17 .6 billion)

Transportation
21.5%
($29. 7 billion)

Figure 1. Corrosion cost breakdown in the United States (1998).

2

2
Of the approximately 583,000 bridges in the US, 15% were deemed
structurally deficient due to corroded steel and/or steel reinforcements. 2 Bridge
collapses are probably the most recognizable corrosion disasters. Specific
examples include the failure of the Silver Bridge connecting West Virginia and
Ohio on U.S. Highway 35 in 1967 which killed 46 people 3 and the collapse of the
1-35 bridge in Minneapolis in 2007 which killed 13 people.4 Corrosion induced
failure of gas pipelines also presents a significant hazard to humans. There are
over 328,000 miles of natural gas pipelines in the U.S. with an annual corrosion
related cost of $7 billion.2 In the absence of proper prevention measures, failure
can result in massive explosions similar to the one that happened in San Bruno,
CA in 201 0 that resulted in 8 deaths, over 60 injuries, and destroyed 37 homes.5
An internal study performed by the Department of Defense (DoD) in 2012
determined their annual corrosion cost to be $20.9 billion, equating to 20.4% of
their total maintenance costs.6 It was found that aircraft manned by the army,
navy/marine corps, and air force had an annual non-available time attributable to
corrosion totaling 1,717,898; 2,285,688; and 2,102,476 hours respectively, for an
average of 17.4, 26.5, and 15.9 non-available days per aircraft.6
Although corrosion cannot be eliminated completely, preventive measures
can be utilized to minimize its impact and mitigate the problem. The 2002 NACE
report estimated that 25-30% of the annual corrosion cost could be mitigated with
proper utilization of current corrosion management practices. 2 Increased effort to
improve upon current corrosion prevention methods is needed to increase that
percentage for longevity and retention of assets.

3
Corrosion Mechanism and Forms
Metals are produced from naturally occurring ores (typically metal oxides
and sulfides) with high energy consumption. Purified metals exhibit improved
strength and resilience that are essential for use in structures; however, the
resulting compositions tend to inherently revert to the lower energy natural form
via the process of corrosion (Figure 2)?

,..-------~/=*Auto

bod>
(atmosphere)

St"l mill

l

Mine

1

1

Iron ore •

1-----~

(iron oxide)

•

Reduction

Refinin9
Costinc;J
Rot tinc;J
Shopinc;J

Rust

..___.,.62 u~:on.~

(hydrated

iron oxide)

l(soil and water)

Figure 2. Cyclic nature of metal production and deterioration process.
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Corrosion arises from the difference in galvanic potential between two
metals in contact or even the subtle but critical differences in morphologically
different areas (e.g. two grains and grain boundaries) of the same metal in an
electrolyte solution.8 The process establishes a galvanic cell that converts the
chemical potential energy into electrical energy by developing positive and
negative half-cells. 8 For corrosion, the negative half-cell where chemical
reduction reactions occur (Equation 1) is designated as the cathode, whereas the
positive half-cell exhibits chemical oxidation of the metal and is designated as the
anode (Equation 2).8 •1

4
Hydrogen Evolution

2H++ 2e

Oxygen Reduction (acidic solutions)

Oz + 4H++ 4e

Oxygen Reduction (neutral or basic solutions)
Metal Jon Reduction

Oz + 2Hz0 + 4e
Mn+ +me

Metal Dep osition

-j

-j

-j

Hz

2Hz0

-j

40H

M(n-mJ+

Mn+ + ne

-j

M

Equation 1_ Cathodic reduction reactions.1

Equation 2. Metal dissolution reaction .

Specific to iron based steels in contact with an electrolytic water solution,
oxidation of the substrate yields Fe2+ cations and two electrons that travel
through the metal to fuel the cathodic reduction reaction (Figure 3).9
Simultaneously, at the same rate, oxygen from the atmosphere is reduced in the
presence of water, forming hydroxide ions.1•9 The Fe2 + ions and hydroxide ions
then combine to form iron hydroxide and later iron oxides, which precipitate as
rust. 9
The iron hydroxide
is quickly oxidized to
ferrous oxides and

Substrate

Figure 3. Corrosion process on steel substrates.9

Water droplet
containing
electrolytes

~Cathode
I

reaction
reduces oxygen
from the air, forming
hydroxide ions

5
The sum of the electric potential of the cathodic and anodic half-cell
reactions is the equilibrium potential of the galvanic cell (Equation 3) (a positive
value indicates that rust formation is energetically favorable). 9

E~ell = E cathode + Eanode
Equation 3. Galvanic cell equilibrium potential. 9

From the reactions shown in Figure 3 and the electric potentials of the
corresponding reactions listed in Table 1, the cell potential for corrosion of iron is
determined to be 0.848 V, and the accompanying change in Gibbs free energy is
calculated to be -163.6 kJ/mol (calculated from Equation 4 where

n is the number

of electrons involved in the reaction and F is Faraday constant). 9 These two
values are indicative of a thermodynamically spontaneous reaction and indicate
corrosion of iron-based metals is favored thermodynamically.
L1 G = -n · F · E2ett

Equation 4. Change in Gibb's free energy. 9

Table 1
Standard Electric Potentials of Relevant Corrosion Reactions9

Reaction
AI~+ + 3e- -+ Al(s)
2H20(I) + 2e- -+ 2H(g) + 20H- (aq)
ZnL+ + 2e--+ Zn(s)
FeL+ + 2e- -+ Fe(s)
Fe.)+ + 3e- -+ Fe(s)
CuL+ + 2e- -+ Cu(s)
02 + 2H20 + 4e- -+ 40H- (pH 7)

Eo (V SHE)
-1.662
-0.8277
-0.7618
-0.447
-0.037
+0.3419
+0.401

Thermodynamic favorability does not necessitate the presence of
corrosion as a kinetic pathway is necessary for the process to occur. The

6
reduction reaction is dependent upon the concentration of oxygen, water, and
hydroxide ions at the cathode (Equation 1), while the oxidation reaction is
similarly dependent on iron and the available ions (Equation 2) at the anode.
The reduction reaction depends on the electrons produced by the oxidation
reaction, resulting in equal rates of production and consumption of electrons.1
For the oxidation and reduction reactions to proceed in tandem, a conductive
media is needed to transport the charged media generated during the reactions
between the cathodic and anodic sites. Therefore, three ingredients are
necessary for corrosion to occur: an oxidizable species, a reducible species, and
a conducting media (Figure 4). In the case of metal corrosion, the oxidizable
species is inherently present as the metal itself. The rate of oxidation depends
on the electrode potential of ion dissolution, which in turn depends on the metal
(Table 1).

Figure 4. Corrosion triangle: Reducible and oxidizable species and a conductive
solution are necessary for corrosion to occur.

Although aluminum has high activity, it protects itself against corrosion by
forming a tightly bound oxide layer on its surface that prevents oxygen , water,

7

and ions from reaching the metal beneath (Figure 5). 10 Thus, the oxide layer
constitutes the first barrier for preventing metal corrosion by eliminating the
reduction reaction and conductive media. However, when the oxide layer is
compromised (in the case of iron , the oxide layer is only loosely bound to the
substrate), corrosion is readily initiated as the metal is exposed to oxygen and
electrolytic solution.
Pores in the
oxide layer
Natural
} oxide
layer

T
Aluminum 99.99%

Figure 5. Oxide layer formation on aluminum provides a natural barrier to
corrosive species.10

Corrosion is commonly classified into eight forms: 1) uniform , 2) galvanic,
3) crevice, 4) pitting , 5) intergranular, 6) selective leaching, 7) erosion , and
8) stress. 1 For the purposes of this discussion, uniform and pitting forms of
corrosion are most relevant. Uniform corrosion is the most common form and is
characterized by general attack over an exposed area. 1 The metal wastes away
layer by layer over time, and ultimately fails to provide structural integrity or meet
performance specifications. This is the general mechanism for common iron
based metals. Pitting occurs when a localized region of the metal is attacked

8
(e.g., compromised oxide layer) and corrosion etches into the metal, creating
holes and sometimes hollow areas beneath the metal surface. Pitting can be
especially dangerous because only a small percentage of weight loss needs to
occur before the structure becomes compromised.
Corrosion Prevention
Methods utilized for corrosion prevention include, either individually or in
combination, metal/alloy selection, cathodic protection, anodic protection, metal
coatings, and organic coatings. The proper use of metal detection methods
relies upon the specificity of environments targeted for a material's use. Some
types of metals are inherently corrosion resistant in environments that other
metals are not and vice versa. Examples of corrosion resistant pairings include
but are not limited to: 1) stainless steel and nitric acid , 2) nickel and caustic
environments, 3) lead and dilute sulfuric acid, 4) aluminum and atmospheric
exposure, and 5) steel and concentrated sulfuric acid. 1 Alloying techniques rely
on the addition of one or more metals to provide a "sweet spot" for corrosion
prevention in the desired application environment. This technique is limited by
the balance that sometimes exists between a material's mechanical and
anticorrosive properties.
Anodic protection uses a potentiostat to apply an external current to a
metal and draw electrons away from the substrate.1 The external current causes
an initial increase in metal dissolution that induces a passive transition on metals
such as iron. Anodic protection is difficult to achieve and maintain because it
requires the application of a current by an external source that must be at the

9

right potential to enable the active-passive transition of the metal. When
performed successfully, anodic protection can provide a 100,000 fold decrease in
corrosion rates of specific materials.1
Cathodic protection is generally achieved through the galvanic coupling of
an active metal to a less active metal that needs to be protected. In a corrosive
environment, the active metal corrodes preferentially over the less active metal.
As the active metal corrodes, a current is generated that forces electrons to the
less active metal causing passivation and preventing corrosion. Specific
examples of these systems include magnesium and zinc galvanically coupled to
steel. An obvious drawback of this technique is the limited lifetime of the
sacrificial metal or metallic pigment. 1
Metallic coatings are often employed to provide cathodic protection to
metal substrates. Additionally, the metallic coating also serves as a barrier
between the metal and the corrosive environment. Thin layers are applied by
electrodeposition, flame spraying, cladding, hot dipping, or vapor deposition.
Their effectiveness is highly dependent on the uniformity of the metal film as
porosity often causes galvanic coupling and pitting corrosion to occur. 1
Organic Coatings
Organic coatings are the most common choice for protecting metal
surfaces against corrosion, and protect more tons of metal than any other
anticorrosive method. 1 Their anticorrosive ability, in the absence of pigments
and additives, is determined mostly by their barrier to oxygen and water. Barrier
properties are affected by how polymer physical properties change with time,

10
which may be spatially specific, and environment induced properties such as
polarity, intermolecular forces, saturation, crosslinking , glass transition
temperature (T9 ) , adhesion, etc.

11

The polarity of the polymer chain strongly influences the equilibrium
content and permeability of water and oxygen in organic coatings. Generally,
hydrophilicity or higher polarity decreases oxygen permeability while high polarity
increases water permeability. As the water penetrates the film , it simultaneously
acts as a polarity modifier and a plasticizer and increases the permeability
further. Due to this complex interplay of oxygen and water permeability and dry
versus wet adhesion, it is generally desired to have a moderate degree of polarity
in polymers for anticorrosive applications.11 General trends in permeability
influenced by other polymer properties are presented in Table 2. (These trends
are general and deviations do exist.)
Table 2

Trends of Oxygen and Water Permeability Induced by Polymer Properti 1
Property (Increasing)

Oxygen Permeability

+

Polarity
Saturation

Water Permeability

+

+

+

+I-

Symmetry/Crystallinity
Crosslin king
Hydrogen Bonding

Tg

11
Progress of corrosion depends on the presence of ions (e.g.,

cr. Fe2 + ,

Fe3 +) at the corrosion site. Dissolved chloride ions diffuse through polymeric
films to the metal substrate where these electrolytes: 1) catalyze the breakdown
of the oxide layer and dissolution of iron from the substrate due to ionic charge
gradients, 12 and 2) provide an electrolytic medium for the movement of metal
ions away from the anode through the polymer or along the polymer-metal
interface.9 Studies using molecular fluorescence methods have elucidated that
ions, including chloride, enter the film through specific porous channels to the
substrate, but no quantitative measurements were provided. 13•14 It has also been
demonstrated that when polymers are applied to metal substrates, ions released
from the metal may enter the film and form complexes with monomers, oligomers
and polymers in solution prior to cure. Ion dissolution and transport is heavily
dependent on polymer properties, particularly localized T 9 and electrical
resistance .16 •17 Improving our understanding and capabilities to utilize molecular
fluorescence techniques to study the ionic ingress and metal dissolution studies
above would allow in situ quantification and understanding of the subtle
characteristics of the moment of initiation and the rate of metal ion dissolution.
A complex interplay exists between a polymer's inherent properties and its
permeability to corrosive species. High performance protective coatings are
most often applied as multilayer combinations (primer, one or more intermediate
coats, and a topcoat) to gain synergistic properties of the individual layers.

11

The

primer protects the substrate from corrosion by: 1) providing good adhesion, 2)
containing and delivering corrosion inhibitors, and 3) serving as a physical barrier

12
to the environmentally derived corrosive species.9 Primers commonly contain
anticorrosive pigments such as strontium chromate and zinc phosphate.
Intermediate coating layers increase barrier properties (in some cases) through
increased thickness and may often reduce the leaching or release rate for barrier
pigments.9 The outermost coatings, i.e., top coatings, serve multiple purposes
including aesthetics (color, gloss) and resistance to environmental degradation
brought on by moisture, temperature, and ultraviolet radiation .9
Many factors are involved in the selection of materials for anticorrosive
coatings as the performance properties vary with the environment, substrate, and
application. Figure 6 demonstrates the various factors influencing material
selection for anticorrosive coatings.9 Recent studies have shown that polymer
properties at interfaces (particularly the T 9) can be very different from that of the
bulk.18-21 The general trend for most polymers is for the T9 at air-film interfaces to
be depressed relative to its bulk due to higher chain mobility, and the T9 at solid
interfaces (polymer-substrate, polymer-polymer, polymer-nanoparticle) could be
depressed , increased or unchanged depending on the affinity between the
polymer and other interfacial properties. Since a polymer's mechanical and
barrier properties hinge and shift upon the locally specific T9 , the permeability of
a layered coating system is likely to be affected by the interfacial interactions
between layers.11 Therefore, material selection for a coating system can be an
arduous process where conflicting material properties are to be achieved through
optimization.
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Epoxy systems are the most widely used polymers for anticorrosive
coating systems as they provide inherently low molecular weight and viscosity,
mutual reactivity with a broad range of potential chemical functional groups, high
mechanical strength, good chemical resistance , and excellent adhesion
properties that are attributed to the strong carbon-carbon bonds, aromaticity,
secondary hydroxyl groups at each repeat unit, and ether linkages of the polymer
backbone.9•22 ·23 The reactivity of epoxy or oxirane functional groups enables
epoxy prepolymers, oligomers and polymers to be cured with a wide variety of
curing agents including polyamines, polyamine adducts, ketimines, polyamides,
amines, and isocyanates. 22 Due to their wide range of options such as
aromaticity, functionality, and molecular weight, epoxy systems allow wide
tunability of performance properties. 22 These systems are most often the basis
of high performance primer formulations .9•22
Acrylic polymers are a popular class of matrix materials for coatings due to
their good gloss, high clarity, water white color, good mechanical properties, and
great UV stability.9 •22 The most commonly used monomers in this class include
methyl methacrylate, butyl acrylate, 2-ethyl hexyl acrylate, styrene, (meth)acrylic
acid, vinyl acetate, or some mixture to create a copolymer with tuned mechanical
properties.22
Polyurethanes are synthesized via the reaction of an isocyanate with
22

hydroxyl group-containing polymers such as polyesters and acrylics.

Aliphatic

polyols and isocyanate based polyurethanes are the binders of choice in high
performance topcoats due to their good gloss and color retention in outdoor
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environments. 9 These systems are also characterized by excellent water
resistance, good resistance to acids and solvents, and good mechanical
properties, making these systems viable options in a variety of circumstances.22
Isocyanate functional prepolymers can also be cured with moisture or amine
hardeners via the formation of urea linkages. 22 The wide variety of isocyanate
monomers and curing agents/methods allows for a wide range of mechanical
properties, but due to the potential reactivity of the isocyanate groups with water,
hydroxyls, and amines, careful control is needed over the reaction conditions.
Alkyds are a major, inexpensive class of resins employed in anticorrosive
coatings. These polyesters are derived from vegetable oils, a difunctional acid
such as phthalic acid/ anhydride and a polyol such as glycerol. 22 The inclusion of
drying vegetable oils yields auto-oxidizable alkyds. Alkyds exhibit good
adhesion, flexibility, and durability but are susceptible to hydrolysis by water and
continued crosslinking over time can lead to brittleness.9 ·22
Other polymers used as binders for anticorrosive coatings include
polysiloxanes, polyesters, vinyls, and chlorinated rubber. 9•22 These systems are
specialty binders for specific applications.
Select pigments are employed in primer formulations and intermediate
coats to provide inhibition and barrier protection by creating a longer path for
environmental and corrosion-aggressive species?4 Impermeable, lamellar
pigments align themselves parallel to the substrate, forcing the aggressive
species to take a longer, winding path through the coating before they can reach
the substrate (Figure 7).24
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Figure 7. Barrier mechanism of lamellar pigments creates a long and torturous
path for the ingress of corrosive species.9
The effectiveness of pigments in providing barrier properties is dependent
9 24 25
• ·

on its loading, normally expressed as pigment volume concentration (PVC).

Beyond the critical pigment volume concentration (CPVC), there is insufficient
polymer matrix to occupy all interstitial volume between pigment particles,
resulting in the formation of voids that provide a conduit for aggressive species
and poor barrier properties (Figure 8).24 •25
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an optimum pigment concentration above which permeability increases rapidly.
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In addition to barrier pigments, other additives can be included to serve a
sacrificial or inhibitive effect. Any metal with a higher activity than the metal to be
protected can serve as a sacrificial pigment. 9 Zinc dust is the most popular
sacrificial pigment for protecting ferrous substrates. 9 Inhibiting pigments are
classified according to their protection mechanism: cathodic or anodic. Cathodic
inhibitors, such as inorganic salts of magnesium and manganese, slow corrosion
at the cathode by forming insoluble salts with hydroxyl ions. 9 Anodic inhibitors
work by absorbing on the substrate surface, forming a protective oxide film , and
increasing anodic polarization.9 Chromium derivatives such as strontium
chromate are very effective as anticorrosive pigments; however, their inherent
toxicity has prompted efforts to replace the heavy metal type inhibitors with
environmentally responsible alternatives. 9
Failure of Organic Coatings
The efficacy of an anticorrosive coating depends strongly on its durability
in a variety of environmental service conditions. Upon aging , even the best
systems exhibit some loss of substrate protection that enables corrosion to be
initiated (Figure 9).22 •26 Factors that influence coating degradation include
ultraviolet (UV) radiation , moisture, time of wetness, microbial influenced
temperature fluctuations, chemical attack, ozone and mechanical stresses.22
The dominant environmental severity influences are UV induced material
breakdown, moisture, and electrolyte and oxygen content. 22 The impact of these
factors is dependent on the polymer chemistry and the combined accumulation of
each from the environment.
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Coating is Applied to Substrate
Exposure to UV Radiation Begins
Shrinkage Stresses Begin as All
Plasticizing Solvent, etc Evaporates

TIME

Water Transport in & out of Film
leaches out Solubles and Carries Ions
to Substrate Interface
Photo-oxidation of Film Polymer Begins
Photo-Catalysts, etc. Occurs
Measurable Gloss Changes Occur
Corrosion Reactions Begin to Occur at
Substrate/Film Interface
Measurable Color Changes Occur
Corrosion Products Cause Delamination
at Film/Substrate Interface
Cracking/Hazing Occur at Film Surface
Sufficient Polymer in Film Degrades to
Drastically Increase Film Porosity
Severe Cracking Occurs+ Flaking Away
from Substrate

Figure 9. Timeline of degradation and corrosion of coated metal. 26
UV breakdown induced by exposure to sunlight results in visual changes
22

such as yellowing, fading , chalking, and loss of gloss.

Depending on the

wavelengths absorbed, energy transmitted to the polymer can induce bond
breaking and formation . Additional crosslinking can cause an increase in internal
stress and aging/embrittlement that results in cracking and delamination of the
coating. 22 Bond breakage causes a decrease in chain length and alters material
density, increases void volume within the polymer based coatings, and favors
22

increased permeability of polar corrosive species.

Chain scission increases the

number of polar chain ends within and at the coating surface, which increases
22

wettability and favors water and ions uptake into the system.
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Due to the inherent polarity of most polymeric systems, water is present
naturally even within "dry" coatings. Water molecules occur within voids in a
matrix, pigment and substrate interfaces, and around polar moieties.22 Water
affects coatings by replacing hydrogen bonding crosslinks in the polymer and
along the polymer-metal interface, inducing plasticization, and causing a
differential in dry and wet adhesion and even film blistering. This water inclusion
results in higher internal stress in the film , causing delamination and ultimate
failure of the coating.22
Corrosion Testing
The efficacy of a coating system is inversely related to by the rate and
degree at which it loses its protective properties. However, coating failure and
corrosion initiation are difficult to predict and coating failure may even occur
unexpectedly. Predicting service lives of coated metals is complicated by the
unlimited combinations of substrates, binders, pigments, additives, solvents,
application methods, curing conditions, and service conditions. Additionally, for
high-performance corrosion resistant materials, the length of time required to
detect corrosion in natural environments is so long that the testing timelines are
impractical. Accelerated testing methods are therefore used to measure and
attempt to predict coating performance under varying extreme service conditions;
however, such forecasts are most often poorly or completely uncorrelated to
natural weathering methods.27 Finding a method that can accurately and quickly
test the service life of an abundant amount of material combinations is vital for
the future of corrosion protection via organic coatings.

20
One of the oldest accelerated testing methods is ASTM B 117 salt fog test
22

that calls for continuous exposure to a 3% sodium chloride salt fog at 35 °C.
Although this test has no value in predicting performance or even a ranking

between materials, it continues to be widely specified and used. 22 Three main
causes that are thought to produce inaccuracies in this test are lack of dry/wet
cycling , differential in test temperatures compared with real exposure, and a
constantly replenished supply of excess water and chloride ions.

22

The constant

wet cycle is inappropriate for many corrosion inhibition and pigmented systems
while the constant supply of chloride changes the corrosion behavior of the
system.22 For these reasons , recently developed tests have included cyclic
testing protocols.
Two of the most popular cyclic protocols are ASTM 05894 (modified
Prohesion) and ASTM G35 (Norsok).

22

The modified Prohesion protocol consists

of six two-week cycles consisting of one week of alternating four hours UV light
at 60

oc and four hours of condensation at 50 oc, and one week of alternate one

hour of salt spray (0.05% NaCI, 0.35% ammonium sulfate, pH 5.0- 5.4) at 24

oc

and one hour of drying at 35 °C.22 The Norsok protocol involves 25 one week
cycles of 72 hours of salt spray, 16 hours of drying, and 80 hours of UV
condensation.22 Although these tests provide better correlations with actual
coating performance than ASTM B 117, they also produce false positives and
negatives versus material performance predictions versus real world results. A
test that can be successful for all material combinations would be monumental
for the future of corrosion prevention and novel material development and
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protocols that accurately predict total lifetimes and remaining service lifetimes.
Currently many suggest that the desired outcome is unattainable.22
Upon exposure to accelerated weathering , coating systems are evaluated
through several macroscopic and microscopic methods. The most important
macroscopic properties are quantified by measuring the creep from a scribe, loss
of adhesion, and free film barrier properties. An artificial scratch is applied in the
test specimen prior to exposure. The exposed metal within the scratch becomes
cathodic as it has the most oxygen exposure and the edge of the scratch
becomes anodic.22 If corrosion occurs, it spreads under the coating and the
amount of spreading is measured and labeled as creep.22 Adhesion is usually
evaluated by direct pull-off methods where a pulling device is glued to the coating
and the pull-off force is measured or the amount of material pulled off is
measured.22 Adhesion tests are often subjective and variables such as pull force
and rate are hard to duplicate. Electrochemical analytical techn iques such as
Scanning Kelvin Probe (SKP) measurements,16 gravimetric analysis, electron
probe microanalysis (EPMA),17 and scanning electron microscopy (SEM),15 share
the common drawback that they cannot quantitatively track ion dissolution and
ion flux in concentration or in situ during the corrosive process. Since polymers
are non-conductive, any current that passes through a coating is attributed to the
uptake of electrolytic solution.22 EIS is used to measure the impedance of a
coating before and after exposure to indicate if the system has lost barrier
properties during exposure.22 SKP has the ability to measure the Volta potential

22
or work function generated by the formation of corrosion induced galvanic cell on
the metal surface, and is a valuable tool in detecting corrosion initiation.

22

Microscopic techniques such as scanning electron microscopy (SEM),
atomic force microscopy (AFM), and Fourier transform infrared (FTIR)
spectroscopy are viable testing techniques to evaluate coatings. SEM directs an
electron beam at a sample that generates two signals: X-rays and backscattered
22

electrons.

The backscattered electrons produce a precise mapping of the

material surface. The X-ray signals are unique to elements within the material,
and allow for evaluation of material breakdown or elemental uptake. AFM
provides information about the surface morphology of a material. 22 It involves
scratching or tapping the surface of the coating to generate information about
phase behavior and surface roughness . The energy absorbed by every chemical
bond is unique, thus, the variation in intensity of a signal within an IR spectrum
generates valuable insight into changes occurring in the coating system due to
events such as water uptake, bond formation , or bond breaking.
Molecular Fluorescence Process and Methods
Molecular fluorescence is an extremely sensitive technique capable of
detecting a variety of compounds at nanomolar concentrations.28 •29 Molecular
fluorescence occurs via a three step process in which an electron is excited by
absorbing a photon, stays in the excited state for some time, and returns to the
ground state by releasing a photon (Figure 10).29 ·30 Electron excitation via
photon absorption promotes an electron from the Highest Occupied Molecular
Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUM0).3

° For the
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absorption to occur in the visible light region of the electromagnetic spectrum , the
energy difference between the orbitals must equal the energy of the incoming
light. This is usually achieved when electrons from a heteroatom non-bonding or
n-bonding orbital move to a n-anti-bonding orbital, which is why fluorescent
molecules are most commonly conjugated n-bonded systems or heterocyclics.30

Excitation

Absorbed light

Emitted lig ht

Figure 10. Fluorescence mechanism : upon absorption of a photon, an electron is
excited to a higher energy state where it loses energy in a variety of ways. It
then drops back to the ground state and emits light of a lower energy. 29

Upon excitation, electrons remain excited for 1-10 nanoseconds during
which time energy is lost due to conformational changes and interactions with
their environment such as collision quenching and Fluorescence Resonance
Energy Transfer (FRET).29 The increase in wavelength between excitation and
emission photons is defined as the Stokes shift, a value that is molecule specific,
and allows for excitation and emission spectrum separation.29
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Since fluorescence is a very sensitive technique, the excitation of a
fluorophore can be affected by many aspects of the local environment including
polarity, hydrogen bonding , pH, pressure, viscosity, temperature, electric

°

potential, free volume, and ions. 3 Changes in polarity can result in fluctuations
in the structure of the solvation shell around a solute yielding broadening of the
absorption and fluorescence spectra that is known as inhomogeneous
broadening. 30 Additional shifting of absorption and emission bands called
solvatochromic shifts occur as a result of the dipole interactions between solvent
and solute.30 Viscosity and free volume can also greatly influence the fluorescent
properties of a system, and varies from one fluorophore to another. Changes in
absorption and emission band shape and intensity occur as a resu lt of changes
in mobility of the fluorophore .30 As can be imagined, mobility of the fluorophore is
greatly affected by polymer chain mobility and free volume. The extent that
mobility influences fluorescence properties is often hard to predict and needs to
be studied on an individual basis. 30
Important for the research reported herein, fluorescence can be turned on
or off as a result of a collision with an analyte, complexation with an analyte, or
linkage to an analyte receptor (Figure 11 ). 30 Specific analytes include hydrogen ,
hydroxide, and other ions as well as some neutral molecules.30
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Figure 11 . Main classes of molecular sensors of ions or molecules.

Examples of sensitive fluorescence detection specific to various metals
such as zinc, copper, silver, mercury, and iron are widely reported in biological
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systems.31 "35 Such fluorophores are typically xanthene-based, e.g. , fluorescein
and rhodamine derivatives, and utilize a spirolactone or spirolactam ring opening
mechanism via complexation with ions for fluorescence turn-on detection (Figure
12).36,37

H.. or
metal ion (Mn•)

Fluorescent
P1nk or Red Color

Figure 12. Spirolactam ring-opening process of Rhodamine derivatives upon
complexation with a metal ion.37
Modification of the R-group in Figure 12 allows for tunable complexation
site size and molecular affinity towards various metal ions such as Cu(ll) 38-43 ,
Pb(ll) 44 ·45 , Hg(ll)39•46 -50 , and Fe(lll)43•51 -61 . Most of this research has focused on
biological systems rather than corrosion. Efforts to track corrosion using
fluorescence technology began in the 1980s and focused mostly on pH-sensitive
fluorophores. Early research focused on fluorescein in solution to track the
increase in pH resulting from hydroxide ion formation at the cathode.62-6 5 White
and co-workers deposited fluorescein dye on aluminum integrated service
devices and when a DC current was applied, they were able to visually detect an
increase in fluorescence under a UV lamp in localized areas on the device.62
The increase was presumed to be caused by the formation of galvanic potential,
but the application of a current to the system clouds the reason for the
excitement of the fluorophore. Engstrom and co-workers galvanically coupled
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copper and aluminum wires by placing the wire ends side by side and immersing
them in a 0.1 M KCI and 0.1 mM fluorescein solution at pH 7. Under a
fluorescence microscope, the systems showed an almost instant increase in
fluorescence on the copper wire and a decrease on the aluminum wire.63 It can
be concluded that the copper wire, being less active than aluminum, acts as a

.

cathode and aluminum acts as the anode. They later used the same fluorescein
solution to examine platinum discs under a negative applied potential and noted
an increase in fluorescence. Also, purging with nitrogen delayed the increase in
fluorescence to more negative potentials, indicating that the increase in
fluorescence was due to oxygen reduction. 54 Alodan and co-workers immersed
Al-2024 alloy in 0.1 M KCI and 0.1 mM fluorescein solution and examined it with
a confocal microscope.55 They saw an increase in fluorescence at grain
boundaries between copper and aluminum, further supporting earlier work by
Engstrom. The main issues with this early work are the ability of the fluorophores
to migrate within the solution and the application of a current to the system
possibly giving a false fluorescence increase.
One method to avoid these issues proposed by Panova and co-workers
involves attaching fluorescein isothiocyanate (FITC) to the end of an optical fiber
and contacting it with an immersed aluminum coated copper wire. 66 They were
successful in seeing fluorescence increases when the fiber contacted exposed
copper regions on the fiber. Johnson and co-workers incorporated fluorescein in
an epoxy primer on aluminum, artificially scribed the coating, and examined
fluorescence under a UV-Iight as a result of exposure to salt water.67 The
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fluorescence along the scribe increased over time of exposure. A low pHsensitive coumarin derivative was used in epoxy primers on aluminum alloys to
detect a reduction in pH at the anodic site of corrosion. 68 Fluorescent images
showed a quenching effect of the probe in localized areas on the coated metal.
A method developed in our research group advances the techniques
discussed above by allowing for three dimensional fluorescence intensity
measurements on a coated panel. Putting the sample in a uni-well plate set up
for a fluorescence spectrophotometer and setting the instrument to take 1536
measurements over each 1 mm 2 size data collection site across an entire coated
panel allows for a large amount of spatially specific data to be collected in a short
amount of time. Hanna attached fluorescein isothiocyanate (FITC) to an epoxy
backbone and applied it as a primer coat to steel substrates.5 9 By plotting the
average fluorescence intensity and the change in standard deviation versus
immersion time, four zones were established (Figure 13) on a system immersed
in 5% NaCI aqueous solution. Zone I was termed pre-corrosion, followed by
corrosion initiation in Zone II , 50% creep in Zone II I, and 100% creep in Zone IV.
Using the combination of materials and methods, it is possible to determine
initiation time and better determine material protection lifetimes based upon the
corrosion creep induced fluorescence response.69
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Figure 13. Idealized representation of corrosion zones detected using a pH
sensitive fluorophore based upon actual results versus time in 5% NaCI solution
immersion. Zone I represents pre-corrosion conditions, Zone II is the initiation
period, Zone Ill is corrosion creep, and Zone IV is when corrosion has covered
the sample.69

Figure 14. Fluorescence intensity maps of a coated panel immersed in 5% NaCI
showing Zone I (a), Zone II (b), Zone Ill (c), and Zone IV (d). 69
Fluorescence characterization has been used to detect and monitor
other factors important to the corrosion process, particularly for aluminum alloys
with Al 3+ as the target moiety. On Al-2024 alloys, Buchler and co-workers used a
salt solution of morin and quercitin , two dyes that have shown efficacy in sensing
Al3+ ions.70 Using fluorescence microscopy, they were able to detect a change in
fluorescence similar to results seen when fluorescein is used to detect a pH
change. Sibi and co-workers used lumogallion, an Al 3+ sensitive fluorophore, in
an epoxy primer on Al-2024 T3 alloys subject to immersion in salt solution.71
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Fluorescence microscopy revealed an increase in fluorescence that was
attributed to corrosion initiation (Figure 15).71

Figure 15. Fluorescence images of AI2024-T3 coated surfaces. Top: No
exposure, Middle: 12 weeks immersion, Bottom: 60 weeks immersion.71
Bryant and co-workers used 8-hydroxyquinoline-5-sulfonic acid (8-HQS),
to detect corrosion in aluminum alloys by applying it as a thin film under a primer
coat before immersion in salt solution.72 Detection of ferrous and ferric ions
during corrosion of steel is difficult due to the tendency of iron ions to quench
fluorescence , i.e., turn off fluorescence characterization. However, Augustyniak
and co-workers successfully used a Fe 3+ sensitive fluorophore, spiro[1 Hisoindole-1 ,9'-[9H]xanthen]-3(2H)-one, 3',6'-bis(diethylamino)-2-[(1-
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methylethylidene)amino] ("FD1") doped in a commercial epoxy coating to indicate
corrosion under a film and along a scribe(Figure 16).73

Figure 16. Fluorescence imaging of a coated steel panel with a ferric ion
sensitive fluorophore. Fluorescence spots are seen after 2 days of exposure to
salt solution. Fluorescence decreases after an increased exposure time.73
To complement the detection of hydroxide ions generated during
corrosion, our research is targeted at the spatial determination of iron ion
dissolution from steel substrates during corrosion. By further characterizing the
ferric ion indicators reported previously73 through our 3-dimensional screening
methods and complementing with nitroxyl based fluorescent molecules for
ferrous ions,34 we seek to understand the anodic reactions on ferrous substrates
that to our knowledge have not been reported as yet in the available literature .
This research focuses on understanding the factors that influence the fluorescent
properties of these molecules before they are used as in situ corrosion detectors
on coated substrates. Success of this research will capitalize upon other probe
specific results performed previously, and provide us with a virtual "tool box" of
fluorescence detectors/ indicators/ sensors for most of the major species
involved in the initial corrosion reactions on steel and aluminum substrates.
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CHAPTER II
MATERIALS, EXPERIMENTAL PROCEDURES, AND
CHARACTERIZATION TECHNIQUES
FD1 Synthesis Materials
Rhodamine 8 (Figure 17) was purchased from Sigma-Aldrich Chemical
Company and its purity was confirmed via 1H nuclear magnetic resonance (NMR)
spectroscopy operating at 300.13 MHz. Hydrazine hydrate (NH 2-NH 2 ·H2 0) was
purchased from Sigma-Aldrich Chemical Company and used as received.
Acetone, methanol, and ethyl acetate were purchased from Fisher Scientific and
used as received .

OH

0

l

I
N

~

Figure 17. Rhodamine B.

Synthesis of FD1 Fluorescent Probe
Rhodamine 8 hydrazide (Figure 18) was synthesized as described in
literature.74 Rhodamine 8 (0.21 mmol) and excess hydrazine hydrate were
dissolved in 75 mL methanol in a three neck round bottom flask and heated to
reflux until the pink color disappeared signifying hydrazide formation . The
solution was added to deionized water and extracted with ethyl acetate. The

33
product structure was confirmed via 1H NMR. 1H NMR (CDCI 3) :

o 7.93 (m ,

1H,ArH) , 7.45 (m , 2H , ArH) , 7.11 (m, 1H, ArH),6.46 (d , 2H , xanthene-H), 6.42 (d,
2H , xanthene-H), 6.29 (dd, 2H , xanthene-H), 3.61 (s, 2H , NH2),3.34 (q, 8H,
NCH2CH3), 1.17 (t, 12H,NCH2CH3).
0

\_ II

l

I
N

~

0

)

N)

Figure 18. Rhodamine B Hydrazide.
The resulting Rhodamine B hydrazide (0.15 mmol) was refluxed in excess
1

acetone until aliquots taken at periodic intervals indicated via H NMR analysis
that- NH2 protons were no longer detectable. An orange solid was obtained
upon evaporation of acetone under reduced pressure. The structure of the
resulting product, spiro[1 H-isoindole-1 ,9'[9H]xanthen]-3(2H)-one, 3' ,6'bis(diethylamino)-2-[(1-methylethylidene)amino] (FD1) (Figure 19) was confirmed
via 1H NMR. 59

1

H NMR (CDCI 3): o 7.90 (m, 1H), 7.44 (m, 2H), 7 .11 (m, 1H),

6.53 (d, 2H), 6.38 (d, 2H), 6.27 (dd , 2H), 3.32 (m, 8H), 1.96 (s, 3H), 1.81 (s, 3H),
1.16 (t, 12H).
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Figure 19. FD1 .
FD1 Sensing of Fe(lll) Ions in Solution Materials and Procedure
lron(lll) chloride was purchased from Sigma-Aldrich Chemical Company
while methylene chloride was purchased from Fisher Scientific and used as
received . FD1 was dissolved in methylene chloride at a concentration of 100 1-JM.
A series of solutions was prepared by blending iron(lll) chloride with FD1 at
Fe3 +: FD1 molarratiosof0:1, 0.1:1, 0.25:1, 0.5:1, 1:1 , 1.5:1 , 2:1, and 3:1. Four
300 IJL samples of each solution were added to glass vials in a glass 96-well
plate for absorbance and fluorescence measurements. All solution experiments
employed a 96-well base plate apparatus into which glass vial inserts are able to
be placed. This format allows for solvent based systems to be utilized in a multiwell plate reader without the risk of solvent induced hazing which occurs with
plastic multi-well plates. The hazing is known to interfere with the optics of
samples and thus must be avoided in these experiments. Vials were purchased
from Chrom Tech , Inc. and showed no absorbance or fluorescence in the ranges
needed in this research.
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FD1 Selectivity in Solution Materials and Procedure
Sodium chloride, zinc(ll) chloride, and aluminum(!! I) chloride were
purchased from Fisher Scientific. lron(ll) chloride was purchased from SigmaAldrich Chemical Company. All were used as received . Each metal salt was
added to 100 !JM solutions of FD1 in methylene chloride at a 1:1 molar ratio of
ion to FD1 . A cocktail solution was also created by adding all the four metal salts
at an individual molar ratio of 0.5:1 of metal ion to FD1 . Four 300 !JL samples of
each solution were then added to glass viles in a 96-well plate base for
absorbance and fluorescence measurements.
Influence of Solution pH on FD1 Fluorescence Materials and Procedure
Potassium phosphate tribasic was purchased from Sigma-Aldrich
Chemical Company while phosphoric acid and 2-propanol were purchased from
Fisher Scientific and used as received . FD1 was dissolved in 2-propanol at 100
1-1M concentration. Samples were made with and without iron(lll) chloride in 2propanol at a 1:1 ratio to FD1 . Phosphate buffers were prepared by dissolving
potassium phosphate tribasic in deionized water at 20 mM concentration.
Appropriate amounts of the buffer solution were added to the FD1 solutions to
generate solutions with a broad range of pH values. The 2-propanol to deionized
water ratio was kept constant in all the solutions. Final recipes of each solution
are listed in
Table 3. Four 300 !JL samples of each solution were added to glass vials in a 96well plate base for absorbance and fluorescence measurements.
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Influence of Polymer on FD1 Fluorescence Materials and Procedure
PKHA, PKHC, and PKFE phenoxy resins were donated by lnChem
Corporation and used as received . Material properties of the resins are
summarized in Table 4.75 Methyl ethyl ketone (MEK) and 1-methoxy-2-propanol
(PGME) were purchased from Fisher Scientific and used as received.
Table 3
Recipe of FD1 pH Solutions
FeCI3
Solution
(ml)
1.0

Propanol
(ml)

8.97

FD1
Solution
(ml)
1.0

8.35

1.0

7.08

pH

H3P04
Buffer
{ml)_

---

K3P04
Buffer
(ml)
0.54

---

Deionized
Water
{ ml)
---

1.0

---

0.43

---

0.11

1.0

1.0

---

0.39

---

0.15

6.10

1.0

1.0

---

0.12

---

0.42

4.92

1.0

1.0

---

---

---

0.54

8.93

1.0

---

1.0

---

0.01

0.31

8.02

1.0

---

1.0

---

0.02

0.30

7.02

1.0

---

1.0

---

0.08

0.24

6.00

1.0

---

1.0

---

0.14

0.18

4.96

1.0

---

1.0

---

0.32

---
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Table 4

Physical Properties of Phenoxy Resins75
Resin

Viscosity
(cP)
100- 179

Mn

Mw

Tg (°C)

PKHA

Physical
Form
Solid Pellet

8,000

25,000

80

PKHC

Solid Pellet

410- 524

11 ,000

43,000

89

PKFE

Solid Pellet

600- 895

16,000

60,000

98

0

0

Figure 20. PKHA, PKHC, PKFE phenoxy resins.
Fluorescence versus Phenoxy Concentration
A PKHA- PKFE blend (50:50 by weight) was dissolved in a MEK- PGME
blend (75:25 by weight) at 0, 15, 25, 35, and 45 wt% . FD1 was then dissolved in
each solution at 0.01 wt%. Next, iron (Ill) chloride was added to the solutions at
a 2:1 molar ratio of FD1 to Fe(lll). Four 300 f.JL samples of each solution were
added to vials in a glass 96-well plate after the addition of polymer, FD1, and
Fe(lll) respectively, for absorbance and fluorescence measurements.
Fluorescence versus Polymer T9
PKHA, PKHC, and PKFE were individually dissolved in a MEK- PGME
blend (75:25 by weight) at 25 and 35 wt%. FD1 was then dissolved in each
solution at 0.01 wt%. Next, iron (Ill) chloride was added to the solutions at a 2:1
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molar ratio of FD1 to Fe(lll). Four 300 IJL samples of each solution were added
to vials in a glass 96-well plate after the addition of polymer, FD1 , and Fe(lll)
respectively, for absorbance and fluorescence measurements. Left over samples
were allowed to sit in a dark area for 150 hours and analyzed again via
fluorescence .
Detection of Fe(lll) Ions in Free Film Immersion
Phenoxy resin-based free standing films doped with FD1 were made by
dissolving FD1 at 0.05 wt% in a MEK:PGME solution with 35 wt% PKHA:PKFE
50:50 mixture. The resin was deposited on polypropylene sheets with a thin film
applicator at 6 mils wet film thickness. The films were allowed to dry for three
days at ambient conditions followed by 25 hours at 75 °C. Films were removed
from the polypropylene sheets with a razor blade and obtained a dry film
thickness of 0.80 ± 0.30 mil as measured by a film thickness gauge. Discs for 12
well plates were punched out from the films and immersed in 5 wt% aqueous
solutions of Fe2 0 3 , FeCb, and Fe3 0 4 . The discs were retrieved , rinsed with
deionized water, patted dry with a paper towel, and measured for fluorescence
response at regular time intervals.
TEPEA Sensing of Fe( II) Ions in Solution Materials and Procedure
9-( 1,1, 3, 3-Tetramethylisoindolin-2-yloxyl-5-ethynyl)-1 0(phenylethynyl)anthracene (TEPEA) was purchased from spinFX probes (Figure
21 ). lron(ll) chloride was purchased from Sigma-Aldrich Chemical Company
while acetonitrile and acetic acid were purchased from Fisher Scientific. All
chemicals were used as received . TEPEAwas dissolved in a 100 mM acetic
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acid solution in acetonitrile at a concentration of 100 IJM. lron(ll) chloride was
added to this solution at concentrations of 0, 11 .62, 58.11 , 116.22, 174.33,
232.44, and 348.66 1JM. Four 300 IJL samples of each solution were added to
vials in a glass 96-well plate for absorbance and fluorescence measurements.

Figure 21 . Structure of TEPEA.
TEPEA Sensing Dependence on Acid Concentration Procedure
TEPEA and iron (II) chloride were a·dded to acetonitrile at a Fe2+:TEPEA
molar ratio of 1:1. Acetic acid concentration was varied from 1 mM to 100 mM .
Four 300 IJL samples of each solution were added to vials in a glass 96-well plate
for absorbance and fluorescence measurements.
Influence of Solution pH on TEPEA Fluorescence Procedure
TEPEA was dissolved in 2-propanol at 50 IJM concentration. Samples
were made with and without iron(ll) chloride solution in 2-propanol to achieve a
1:1 ratio of Fe +2 to FD1 . Phosphate buffers were prepared by dissolving
potassium phosphate tribasic in deionized water at 20 mM concentrations. The
2-propanol to deionized water ratio was kept constant for all solutions (Table
5). Four 300 IJL samples of each solution were added to vials in a glass 96-well
plate for absorbance and fluorescence measurements.
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Table 5

Recipe of TEPEA pH Solutions
TEPEA
Solution
(ml)

FeCI2
Solution
(ml)

12.16

1.0

7.93

H3P04
Buffer
(ml)

Deionized Water
(IJL)

1.0

K3P04
Buffer
(IJL)
0.43

---

0.11

1.0

1.0

0.39

---

0.15

6.40

1.0

1.0

0.12

---

0.42

4.18

1.0

1.0

---

---

0.54

9.10

1.0

---

100

0.1

---

8.31

1.0

---

50

0.1

50

8.07

1.0

---

40

0.1

60

6.21

1.0

---

20

0.1

80

4.83

1.0

---

---

0.1

100

pH

Influence of Polymer on TEPEA Fluorescence Procedure
A PKHA- PKFE blend (50:50 by weight) was dissolved in a MEK- PGME
blend (75:25 by weight) at 0, 15, 25, 35, and 45 wt%. TEPEA was then dissolved
in each solution at 0.005 wt%. Next, iron( II) chloride was added to each solution
at a 2:1 molar ratio of TEPEA to Fe( III). Four 300 iJL samples of each solution
were added to vials in a glass 96-well plate after the addition of polymer, TEPEA,
and Fe(ll) respectively, for absorbance and fluorescence measurements.
The same procedure was conducted with the PKHA, PKHC, and PKFE
phenoxy resins listed in Table 4. However, the order of addition was varied with
FeCI 2 being added before and after the polymer. Also , absorbance and
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FeCI2 being added before and after the polymer. Also, absorbance and
fluorescence measurements were taken at 24 hour intervals up to 96 hours.
Nuclear Magnetic Resonance (NMR) Spectroscopy
1

H NMR spectroscopy was obtained on a Varian Gemini 300 spectrometer

operating at 300.13 MHz spectral frequency. The spectra were acquired in
CDCb at ambient conditions with tetramethyl silane (TMS) as an internal
reference and used to track conversion and purity during FD1 synthesis.
Fluorescence and Absorbance Characterization
Fluorescence spectroscopy measurements were performed on a TECAN
Infinite® M1 000 PRO fluorescence spectrometer equipped with an auto stacker
with either a 96-well or a uni-well plate configuration , depending on the
experimental conditions. Data was collected in emission intensity or emission
scan mode. Excitation wavelength was set to 437 nm and 556 nm for TEPEA
and FD1, respectively. Emission intensity maximum was measured at 474 nm
and 580 nm for TEPEA and FD1 respectively as determined in pre-screening
solvent studies. An example of the system parameters are listed in Table 6 .
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Table 6

Sample Parameters for TECAN Cycles
Excitation Wavelength

556

nm

Emission Wavelength

580

nm

Excitation Bandwidth

5

nm

5

nm

Emission Bandwidth
Gain

100

Number of Flashes

10

Flash Frequency

400

Hz

Integration Time

20

IJm

Lag Time

0

IJS

Settle Time

10

ms

18,050

IJm

Z-Position
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CHAPTER Ill
CHARACTERIZATION OF FERRIC ION SPECIFIC FLUOROPHORE
Synthesis of FD1
The reactions utilized to obtain FD1 (Figure 22) proceeded as described in
1

literature.74 ·59 Reaction progress was monitored via H NMR. When Rhodamine
B was reacted with hydrazine hydrate, the disappearance of the -OH proton
1

peak and appearance of a new -NH 2 peak was confirmed via H NMR analysis
and quantified via peak integration (Figure 23). When the reaction product,
Rhodamine B hydrazide, was reacted with acetone, the -NH2 proton peak
disappeared while two distinct methyl peaks appeared, confirming the formation
of the intended product.

OH

o

Figure 22. Synthesis of FD1.

MeOH, Reflux
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Figure 23. 1H NMR of FD1 synthesis from Rhodamine B. The hydroxyl proton of
Rhodamine 8 at 4.0 ppm (blue oval, top) disappeared and two amine protons
appeared at 3.8 ppm (red oval, middle and bottom) when Rhodamine B
hydrazide was produced . Two methyl peaks appeared around 1.9 ppm (green
oval, bottom) when Rhodamine 8 hydrazide was reacted with acetone.
Response of FD1 to varying environmental conditions
FDI synthesis and characterization was first reported by Zhang and coworkers for possible use in bioimaging.59 Augustyniak and co-workers utilized
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the fluorophore as a possible corrosion indicator for steel substrates.73 However,
their work was confined to the x-y plane and applied in solution form above each
film and substrate. The research described below extended the investigation to
three dimensions.
Fluorescence Sensitivity of FD1 towards Fe(lll)
FD1 was evaluated using a broad screening approach, envoking the same
protocol used with other fluorophores employed by the Rawlins research group to
enhance the understanding of influential factors for each probe's fluorescent
characteristics. Initially, a solution study was performed in methylene chloride at
a constant FD1 concentration of 1 mM. The concentration of iron(lll) chloride
was then increased and fluorescence intensity scans were conducted at an
excitation wavelength of 556 nm (determined via absorbance measurements in
Figure 24. The scans revealed a single fluorescence maximum that increased
with increasing Fe(lll) concentration (Figure 25). The increasing trend in
fluorescence intensity followed linearly with Fe(lll) concentration, allowing for
possible future use as a quantitative measurement (Figure 26).
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Figure 24. Absorbance Scan of FD1 in solution .
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Figure 25. Sensitivity of FD1 towards increasing Fe( II I) concentration. As the
Fe (Ill) concentration increases, so does the fluorescence intensity.
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Figure 26. Linear fit-to-peak maximum intensity values of FD1 with increasing
Fe(lll) concentration, y =mx + b; m =519.1 ± 28.2, b =173.5 ± 10.5, R2 =0.983,
(Error bars represent 10% of the average, n =4).
Fluorescence Selectivity of FD1
A number of rhodamine-based fluorophores have been reported for
various metal ions. 37 It is essential to determine the selectivity of the synthesized
fluorophore, and in our particular case, it is important that the chosen system be
able to differentiate between Fe(ll) and Fe(lll). Zinc, sodium, aluminum, ferrous,
and ferric chloride salts were dissolved in methylene chloride at a 1:1 FD1 to ion
molar ratio. A cocktail of all metal salts was also studied . The results confirmed
FD1 to be responsive to both Fe(lll) and Al(lll) (Figure 27). In addition , when
placed over steel substrates, the fluorophore would exhibit no fluorescence
response to Fe(ll) production, allowing for differentiation between ferrous and
ferric species.
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Figure 27. Selectivity of FD1 to different metal cations. FD1 fluorescence is
triggered by Fe(lll) and Al(lll) ions but is dormant in the presence of other ions
including Fe(ll).

pH Dependence of FD1-Fe(lll) Complexation
pH has a major influence on the fluorescence intensity of a molecule.30
Ideally, a fluorescent molecule used for early corrosion detection specific to metal
ions would be pH independent over the range of pHs possible in a corrosion
environment. This range is not fully understood but is estimated to be between 4
1

and 10. Phosphate buffers were used to control the pH in solutions containing
varying concentrations of Fe(lll) ions. The addition of Fe(lll) ions at any pH
resulted in increased emission intensity as plotted versus moles of FD1 (Figure
28). Below pH 7, a more dramatic emission intensity response occurred,
regardless of the Fe(lll) ions concentration . The emission intensity at pH 5
without Fe(lll) was on the same level as that of the system in presence of Fe( I II)
at pH 2:: 7. Having two drivers for fluorescence resulted in a difficult-to-
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differentiate system based upon both pH-induced fluorescence response and
Fe(lll) complexation. Below pH 7, the system containing Fe(lll) yielded a
fluorescence response much greater than that noted in the absence of Fe(lll).
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Figure 28. pH dependence of FD1 fluorescence in the absence and presence of
Fe(lll). At low pH, the fluorescence of FD1 increases regardless of Fe(lll)
presence, although more drastically with it.
Effect of Phenoxy Resin Addition on FD1 Fluorescence
It is important to determine the influence of the model phenoxy resin
system used in this study on the fluorescence properties of the fluorophores to
establish the sensitivity and accuracy of the characterization method. A high
molecular weight thermoplastic phenoxy resin was employed as a model polymer
for thermoset epoxy primers since its high molecular weight chains cause chain
entanglements that mimic crosslinks. A PKHA -PKFE blend (50:50 by weight)
was dissolved in a MEK- PGME blend (75:25 by weight) at 35 wt%. Next, FD1
was added at 0.1 wt% followed by addition of FeCb at a 1:1 molar ratio to FD1.
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30 fluorescence emission scans were performed over a range of excitation and
emission wavelengths after each step. In a 30 scan, emission wavelengths are
changed and fluorescence intensity is measured and a range of excitation
wavelengths. The 30 scan of the phenoxy resin in solution revealed little to no
significant fluorescence response over the scanning area (Figure 29). When
F01 was added, an area of increased intensity concentrated around

Aex=560 nm

and Aem:::: 580 nm appeared with approximately hundred fold increase in intensity
at the maximum (Figure 30, note the change in scale from Figure 29) . When
ferric ions were added to the mixture, the fluorescence intensity around the
maximum increased by a factor often (Figure 31). The experiments confirm
F01 's sensitivity to ferric ions and that it is unimpeded by any absorbance or
fluorescence properties of the model phenoxy resin used throughout this study
when measured in solution.
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Figure 29. 25 wt% PKHA and PKFE mixture phenoxy resin solution 30
fluorescence emission scan. No peak is seen in the region where F01
fluoresces (A.ex :::: 560 nm and Aem :::: 580 nm).
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Figure 31 . 30 fluorescence emission scan of F01 in 25 wt% phenoxy resin with
FeCI 3 . An increase in fluorescence was noted compared to the baseline.
When F01 was dissolved in different wt% solutions of the phenoxy resin
systems, the baseline fluorescence intensity of the solutions increased with resin
concentration. This increase was likely due to the decreased freedom of motion
created around the FOI molecule that causes a reduction in energy lost during

52
electron excitation and an increase in fluorescence.30 However, in the presence
of iron(lll) chloride, the highest intensity was observed in the absence of polymer
in the solution. The fluorescence intensity then decreased slightly and recovered
at 25 wt% polymer. The fluorescence intensity again decreased at and above 45
wt% polymer. Since the fluorescence intensity of the fluorophore singularly on a
concentration/mass adjusted basis resulted in increased emission intensity after
polymer was added, it is unlikely that the polymer was inhibiting the "turn-on"
mechanism. It is however likely that the resin itself can act as an electron
reservoir with a longer retention time of the excited state which could affect the
fluorescence . Additionally, as the polymer wt% increases, the solvent effects are
reduced which could also explain this data. With the slight increase at 25 wt%
polymer in both systems, it is difficult to explain the reason for the drop off in
emission intensity at higher polymer concentrations.
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Figure 32. Effect of polymer addition on the fluorescence response of FD1. At
each wt% of phenoxy resin there is an increase in fluorescence when Fe(lll) is
added . The fluorescence intensity decreases beyond 25 wt% polymer. n=3.
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We hypothesize two of the more direct and possible explanations. The
first involves an increased fluorophore dissolution resulting in higher absorbance
values for the 15 and 25 wt% samples (Figure 33). Since there is an increase in
light absorbed for these samples, it could cause a subsequent increase in
fluorescence response of those solutions. The second possible hypothesis is
related to solvent induced plasticization at lower wt% polymer in solution. High
solvent concentrations result in higher chain mobility and lower T9 , allowing for an
increased number of collisions between FD1 and the iron(lll) ions as necessary
for complexation to occur. The data from Figure 34 supports the second
hypothesis most directly. Three high molecular weight phenoxy resins , PKHA,
PKHC, and PKFE, with Mn values of 8,000, 11 ,000, and 16,000 g/mol and T9 s of
80, 89, and 98 °C, respectively, were evaluated with FD1 in a test similar to that
described in Figure 32. The drop in fluorescence response between 25 and 35
wt% was consistent for each sample and the fluorescence intensity was reduced
in each set of polymers with increasing molecular weight and T 9 .

Figure 33. Color change with addition of phenoxy resin to FD1/Fe(lll) solutions.
The absorbance of 15 and 25 wt% solutions are higher than the other solutions.
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Figure 34. Influence of phenoxy molecular weight and T9 on fluorescence
sensing properties of FD1 in the presence of Fe(lll). As molecular weight
increases from PKHA to PKFE, fluorescence intensity decreases.
Further evidence of mobility-induced hindrance of collisions necessary for
complexation was discovered when the fluorescence intensity of the samples
used in Figure 34 were measured after 150 hours at STP. In each sample, the
fluorescence intensity increased from the initial value indicating a time delay for
the fluorescence turn-on mechanism to occur and is possibly related to the
polymer dissolution effect of the probes and the solvent, all in combination. For
the 25 wt% PKHA, PKHC, and PKFE samples, the final fluorescence intensity
leveled to around the same value after 150 hours. Within the 35 wt% sample set,
a measurable decrease in fluorescence intensity occurred as molecular weight,
and the corresponding higher T 9 , increased , and the decrease remained after the
150 hour storage period. These data indicated there is a polymer T 9/ mobility
influence on the diffusion of species through the system and/or the suppression
of complexation induced fluorescence at higher molecular weight. It was
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concluded that polymers influence the fluorescence properties of FD1 by
affecting excitation absorbance properties and hindering reactant collisions.
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Figure 35. Time delayed fluorescence increase of FD1 in phenoxy resins. The
fluorescence intensity of samples containing 25 wt% polymer decreases with
increasing molecular weight from PKHA to PKFE. After 150 hours, the solutions
level to the same fluorescence intensity. For samples with 35 wt% polymer, the
trend in fluorescence intensity is the same after 150 hours.
To test the fluorophore effectiveness in polymer films, FD1 was dissolved
at 0.01 wt% of the polymer in a MEK:PGME blend . The polymer solution was
applied at 1 mil wet film thickness on polyethylene sheets and dried to obtain free
films. The free films were immersed in 5% aqueous solutions of Fe20 3, FeCb
and Fe 304. Fluorescence intensity scans of the free films at regular time
intervals are presented as a percent change from the initial fluorescence reading .
Fe20 3 and FeCb solutions behave similarly. Within the initial six hour period , the
fluorescence intensity increases rapidly at first and decreases thereafter. This
could indicate water-induced plasticization of the free film , as our group has seen
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previously, causing an increase in mobility of the free film. This would be
consistent with the drop in fluorescence intensity above 25 wt% seen in Figure
32. However, the fluorescence intensity for the Fe30 4 immersion drops
immediately from the initial immersion of the sample which would be
contradictory to the above conclusion. Samples immersed in FeCI 3 and Fe203
solutions show a steady rise in fluorescence intensity that is consistent with the
slow detection of ions entering the free film samples. The lack of detection with
the Fe 304 samples can be explained because this form of iron oxide is less
soluble and is a mixture of Fe(lll) and Fe(ll) oxides instead of only Fe(lll) oxides.
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Figure 36. Fluorescence measurements of FD1 in PKHA:PKFE 50:50 wt% free
films immersed in aqueous solutions of Black: Fe 20 3, Red: FeCI3, and Blue:
Fe30 4. Error bars represent 10% standard error.
FD1 Conclusions
This study has shown that the fluorescent probe FD1 is sensitive to ferric
ions. The "turn-on" mechanism is dependent on the pH of the environment
around the probe and on the concentration of polymer in solution. However, free
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films doped with FD1 and immersed in ferric ion salt solution indicate FD1 is able
to sense ferric ions entering the film over time. This indicates that FD1 could be
a viable early corrosion detector on coated steel substrates.
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CHAPTER IV
CHARACTERIZATION OF FERROUS ION SPECIFIC FLUOROPHORE
Response studies were first conducted in solution to avoid any diffusion
limits for probe response. The more complex the environment, the more likely a
range of variables can influence the fluorescence properties of a given probe.
According to Chen and co-workers, a nitroxyl radical species is capable of
undergoing an oxidation-reduction reaction with Fe(ll) ions in the presence of
acid .34
Figure 37 illustrates the redox reaction using the chosen fluorophore
TEPEA as an example. When the radical species is present, the molecule is
paramagnetic and fluorescence is quenched. However, when the nitroxyl is
capped by acid , the molecule becomes diamagnetic, inducing a "turn-on" in
fluorescence and becomes a possible candidate for in situ Fe detection. 34

Figure 37. Sensing mechanism of TEPEA in the presence of Fe(ll). 34
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Fluorescence Sensitivity of TEPEA towards Fe(II)
A series of experiments were planned using TEPEA dissolved in
acetonitrile in the presence of acetic acid to confirm the observations of Chen
and co-workers. Chen synthesized a species derived from pyrene carboxylic
acid and 4-hydroxy-TEMP0.34 The resulting nitroxyl was part of a six-membered
ring. Since the nitroxyl in TEPEA is part of a 5-membered ring , the system
efficacy required validation. lron(ll) chloride was dissolved in acetonitrile and
added to acidic solutions of TEPEA at different concentrations to establish a
baseline data set. The TEPEA and acetic acid concentrations were maintained
constant for each sample. The resulting solutions showed a green fluorescence
when illuminated with UV light. Absorbance results of each solution revealed a
peak absorbance around 437 nm (Figure 38). Fluorescence intensity scans
performed with an excitation wavelength of 437 nm are shown in Figure 39. The
fluorescence profile resulted in a dual peak emission signature and the intensity
of each peak increased with increasing FeCI2 concentration . The fluorescence
intensity increased linearly with each molar stepwise increase of Fe(ll)
throughout the region of study, thus enabling quantitative analysis (Figure 40).
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Figure 38. Absorbance scan of TEPEA in acetonitrile with FeCI2. n=3.
50000

-

45000

::J

40000

;::;-

35000

m
._..

- - O!JM
- - 11 .622!-IM
- - 58. 11 !-IM
- - 116.22 !-IM
- - 174.33!-IM
232.44!-IM
- - 348.66 iJM

"iii

c

30000

c
c

25000

"iii

20000

Q.l

0

(/)

.E
UJ

15000
10000
5000
0
450

500

550

600

650

Emission Wavelength (nm)

Figure 39. Sensitivity of TEPEA towards increasing Fe( II) concentration. As the
Fe( II) concentration increases, the fluorescence intensity of TEPEA solution also
increases.

61

....... 50000
:::J

.e
E
:::J
E 40000
')(

'/

/

(II

::2:
Q)

/

(.)

c

~

l /J/

30000

"'~

0
:::J

u::

Q)
C)

/

20000

(II
._
Q)
>

!!/

~

10000
0

100

200

300

400

TEPEA Molarity (J.LM)

Figure 40. Linear fit to peak maximum intensity values of TEPEA with increasing
Fe(ll) concentration. y =mx + b: m =86.30 ± 6.65, b = 18,877.6 ± 770.0.
R2 =0.965 (Error bars represent 10% of the average, n =4).
Fluorescence Sensitivity of TEPEA towards Acid
The dependence of fluorescence intensity on acid concentration was
determined through a serial dilution method as used above. For this study, the
Fe(ll) concentration was kept constant and the acetic acid concentration was
varied . The fluorescence intensity at an excitation wavelength of 437 nm
revealed a response to acid concentration (Figure 41 ) similar to that observed
with Fe(ll) concentration seen above. The maximum fluorescence intensity
showed an exponential increase in the region studied (Figure 42), i.e., linear
response at low acid concentrations with a plateau at higher regions. This could
be the result of a quenching effect known to occur at higher fluorophore
concentrations and emissions.5 These reactions therefore suggest that a redox
reaction occurs between TEPEA and Fe( II) in the presence of acid, similar to that
observed by Chen and co-workers.

62

50000
.........
::J

ro
..........

-

40000

-OmM
- - 0.2mM
--1mM
2mM
10mM
--20mM

>.

'iii

c:

Q)

c:
c:

30000

0

'iii

If)

.E

20000

w
10000

0
450

500

550

600

650

Emission Wavelength (nm)

Figure 41 . Sensitivity of TEPEA towards increasing acetic acid concentration . As
the concentration of acetic acid increases, the fluorescence intensity of TEPEA
solution increases.
60000

E
::J
E

·x
fll

~ 40000
~

'iii

c

.l!l

£
~
c

~

l

20000

~

~

I

•
0+-----~--~----~----~----~--~

0

10

20

Acetic Acid Molarity (11M)

Figure 42. Exponential increase fit to peak maximum intensity values of TEPEA
with increasing acetic acid concentration. y =Yo + A1*exf(-x/t1); Yo = 46,039.3 ±
6,898.1, A 1 = -38,774.4 ± 6,800.6, t 1 = 5.896 ± 2.093. R = 0.946 (Error bars
represent 10% of the average.)

63
pH Dependence of TEPEA-Fe(ll) Redox Reaction
Fluorophores employed as corrosion indicators of metal ions should
ideally be pH independent over a range from 4-10.1 pH control via a series of
phosphate buffers allows for fluorescence response to pH to be determined in
the presence and absence of Fe(ll) ions. Figure 43 shows that emission intensity
normalized to the moles of TEPEA in solution shows no change over a pH range
of 4 .9 to 9. When Fe(ll) is added to the TEPEA solution, the fluorescence is
almost constant above neutral pH , but below pH 8, the fluorescence intensity
increases sharply. This result is not ideal, but is expected due to the reaction
mechanism shown in Figure 37.
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Figure 43. pH dependence of TEPEA fluorescence in the absence and presence
of Fe(ll) ions. Fluorescence intensity increases sharply below pH 8 in the
presence of Fe(ll) but is unaffected by pH without Fe(ll).
Effect of Phenoxy Resin Addition on TEPEA Fluorescence
The influence of the polymer on the detection mechanism of a
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fluorescence indicator is important since the indicator will need to be effective in
glassy polymers. A high molecular weight thermoplastic phenoxy resin was
employed as a model polymer for thermoset epoxy primers to utilize the crosslink
mimicking chain entanglements induced by its high molecular weight chains.
The model polymer concentration used in this study was similar to what would be
present within typical anticorrosive coatings. Fluorescence intensity was
measured successively after addition of TEPEA, acetic acid , and iron( II) chloride.
Acid addition did not cause any change in fluorescence intensity, indicating that
capping did not occur. However, upon addition of iron(ll) chloride, a drastic
increase in fluorescence intensity was noted for each sample. Comparing within
the sample set, an initial drop in intensity was noted upon addition of the polymer
followed by a slight increase. Above 25 wt%, the fluorescence response
decreased . The polymer reached its solubility limit at 45 wt%. The decrease in
fluorescence response could be attributed to one or more factors :
1.

polymer complexing with the Fe(ll) ions and preventing its
reaction with the fluorophore,

2.

polymer chains impeding molecular motion that prevented the
collision to force the redox reaction from occurring,

3.

viscosity increase causing a suppression in fluorescence of the
resulting molecule

These influences will be studied further through the utilization of different polymer
chemistries.
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Figure 44 . Effect of polymer addition on TEPEA fluorescence response .
Fluorescence intensity increases drastically with Fe(ll) concentration. The
fluorescence intensity is dependent on concentration and drops off above 25
wt%.
To further study the polymer influence on TEPEA fluorescence with Fe(ll)
ions, FeCI 2 solution was added before and after the polymer was dissolved in
TEPEA MEK:PGME solution. The results are shown in Figure 45. The left half
of the columns are for iron(ll) chloride added before the polymer and the right
half are for FeCb added after the polymer. The fluorescence intensity of the
system with Fe(ll) added first is significantly higher than that added after the
polymer. This indicates that the phenoxy resins are preventing the redox
reaction between TEPEA and Fe(ll) from occurring. One possible scenario is
some complexation occurring between the hydroxyls on the phenoxy backbone
and Fe(ll), binding the ions and preventing the redox reaction necessary for
fluorescence to increase.
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Time sensitivity of this system is also shown in Figure 45. In general,
fluorescence intensity gradually decreases from an initial excited state. Since the
trigger for an increase in fluorescence of this system is in general a nonreversible reaction , the decrease must be caused by a decay in the fluorescing
system over time and exposure of the system.
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Figure 45. Order of addition and time influence on fluorescence intensity of
TEPEA and Fe(ll) in phenoxy resins. Left: FeCI 2 added to TEPEA and acetic acid
in MEK:PGME solution prior to different molecular weight phenoxy resins. Right:
FeCI2 added after polymer dissolved in solution. Measurements taken at 0 hours
(red) , 24 hours (green), 48 hours (purple), and 96 hours (blue).
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CHAPTER VI
SUMMARY
This research was designed to further advance our fluorescence
techniques for early detection of corrosion of aluminum and steel substrates. The
Rawlins research group has been successful in the detection of magnesium ions,
aluminum ions, and pH changes on coated metal substrates using a variety of
fluorescent probes. However, we had not yet been able to use fluorescent
probes on steel substrates to detect iron dissociation from the substrate during
corrosion. Since iron has two stable ionic forms, Fe(ll) and Fe(lll), two
fluorophores were selected two differentiate between the two ions. FD1 is a
fluorophore that has been reported in literature to be sensitive to Fe(lll) ions in
aqueous solutions. We evaluated FD1 in a variety of scenarios to ensure a
possible accurate detection of corrosion on coated steel panels in the future.
FD1 is capable of selectively detecting Fe(lll) in solution with a linear relationship
but its emission intensity is also dependent on the system pH. Add itionally, the
fluorescence of FD1 with Fe(lll) decreases as phenoxy resin concentration is
increased and the fluorescence increases over time with the same amount of
Fe(lll) in the system. Free film immersion in aqueous FeCh and iron oxide
solutions showed an increase in fluorescence over time, showing promise for this
system as a corrosion indicator on steel substrates.
TEPEA was selected for the detection of Fe(II) as spin fluorescent
nitroxyls were reported to be sensitive to Fe(ll) ions. TEPEA fluorescence
exhibits a linear relationship in intensity with Fe(ll) ions in solution, but it is also

68
sensitive to acid concentration. This supports the conclusion that TEPEA senses
Fe(ll) through a redox reaction in the presence of acid . Like FD1 , TEPEA is
sensitive to polymer concentration in that the fluorescence intensity decreases
with increasing polymer concentration. Also, when Fe(ll) is added after the
phenoxy resin , the fluorescence intensity is much lower than when Fe(ll) is
added before the polymer. Since this system needs to detect Fe(ll) ions entering
dry polymer films on steel substrates, it would be difficult for this system to be
used for corrosion detection purposes based on these experiments.
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